Abstract In early postnatal development, naturally occurring cell death, dendritic outgrowth, and synaptogenesis sculpt neuronal ensembles into functional neuronal circuits. Here, we demonstrate that deletion of the extracellular proteinase matrix metalloproteinase-9 (MMP-9) affects each of these processes, resulting in maladapted neuronal circuitry. MMP-9 deletion increases the number of CA1 pyramidal neurons but decreases dendritic length and complexity. Parallel changes in neuronal morphology are observed in primary visual cortex and persist into adulthood. Individual CA1 neurons in MMP-9 −/− mice have enhanced input resistance and a significant increase in the frequency, but not amplitude, of miniature excitatory postsynaptic currents (mEPSCs). Additionally, deletion of MMP-9 significantly increases spontaneous neuronal activity in awake MMP-9 −/− mice and enhances response to acute challenge by the excitotoxin kainate. Our data document a novel role for MMP-9-dependent proteolysis: the regulation of several aspects of circuit maturation to constrain excitability throughout life.
Introduction
During early postnatal development, central nervous system circuits are refined by naturally occurring cell death [1] , dendritic outgrowth and branching [2] , as well as synapse formation and pruning [3] , each of which is regulated by interactions between extracellular matrix (ECM) proteins, including laminin, fibronectin, and collagen [4] [5] [6] [7] , and their cognate receptors, including integrins and other cell adhesion molecules [8] . Matrix metalloproteinases (MMPs) are extracellular zincdependent endopeptidases that regulate these processes by degrading ECM proteins and/or reducing extracellular ligand concentrations [9, 10] . The importance of MMP-9 in both developing and mature circuits, as well as the relative stability of proteolytic changes in ECM, have prompted renewed interest in understanding the role of MMP-9 activity [11, 12] .
In the first postnatal week, hippocampal neurons go through a period of naturally occurring cell death, which eliminates as many as half of extant neurons [13, 14] . Recently, we reported that the transmembrane receptor integrin β1 is required for sustained activation of the serine/threonine kinase, Akt, a critical survival signal for hippocampal neurons during this developmental stage [7] . MMP-9-dependent proteolytic cleavage of laminin, an ECM glycoprotein and the ligand for integrin β1, decreases induction of the Akt survival pathway and decreases neuronal survival [15] .
Neurons in the adult hippocampus continue to express MMP-9 [16] . Activity-dependent transcription, local translation, and release of MMP-9 are implicated in the morphological plasticity of mature circuits [17] . For example, MMP-9 activity is required for the synapse-specific enlargement of dendritic spines associated with expression of late-phase LTP in the hippocampus [18] . The LTP induced by application of cAMP analog results in an MMP-9-dependent enlargement of dendritic spines and immobilization of GluA1-containing AMPARs [19] . Inhibition of MMP-9 blocks the spine enlargement and increases in spine density induced by cocaine relapse following extinction [20] . Furthermore, inhibition or deletion of MMP-9 impairs the plasticity in both visual and somatosensory systems [21, 22] . However, epileptic discharges elevate MMP-9 activity to pathogenic levels [16] , inducing apoptosis [23] , and aberrant turnover of dendritic spines [24] . Indeed, the mossy fiber sprouting and reciprocal synaptogenesis between dentate gyrus granule cells, which creates positive feedback thought to promote seizure recurrence [25] , are thought to be promoted by seizure-induced increase in MMP-9 activity [24] . Thus, MMP-9 has been implicated as an effector in the genesis of epilepsy [26] .
Changes in dendritic volume and spine number are the hallmarks of many neurological disorders [27] [28] [29] , and, as such, MMP-9-dependent regulation of neuronal morphology and excitability represents a potential therapeutic target for these diseases [9] . For example, genetic ablation of MMP-9 was recently shown to reverse aspects of fragile X mental retardation 1 (Fmr1) deficiency [30] . However, the role of MMP-9 in the development and maintenance of normal neuronal circuitry is not well understood. Here, we address this question by examining the consequence of MMP-9 knockout on neonatal and adult neuronal morphology and circuit excitability.
Material and Methods

Subjects
MMP-9
−/− mice [31] on FVB/NJ (wild type) background were purchased from Jackson Laboratory (Bar Harbor, ME). Equal numbers of males and females were used. All procedures conformed to the guidelines of the US Department of Health and Human Services and the University of Maryland and NIH Institutional Animal Care and Use Committees.
Dissociated Primary Hippocampal Culture
Cultures were prepared as described previously [32] .
Hippocampi from embryonic day 18 (E18) wild type or MMP-9 −/− mouse embryos of either sex were used for astrocyte (plated at a density of 80,000 cells/ml) and neuron (density 200, 000 cells/ml) cultures. Astrocytes were cultured in Neurobasal (Invitrogen) with 5 % fetal bovine serum (FBS) in 5 % CO 2 at 37°C for 14 days. Medium was changed completely twice weekly. Neurons were plated on confluent astrocyte beds and cultured in Neurobasal and B27 in 5 % CO 2 at 37°C. Half of the medium was changed every 2 days.
Transfection
Transfection was performed using Lipofectamine 2000 (Invitrogen). Cells were transfected with 1.6 μg/ml of pEGFPC1 vector (Clontech, Mountain View, CA) for 15 min, and the medium was replaced with NeuroBasal Medium.
Immunostaining
Cultures were fixed with 4 % paraformaldehyde (PFA), permeabilized in 0.5 % Triton X-100. For in situ staining, subjects were perfused with PBS, then 4 % PFA, and fixed with 4 % PFA overnight followed by 20 % sucrose containing PBS for 1 day at 4°C. Coronal slices were made either with a Leica VT100S vibrating microtome (Leica, Allendale, NJ) at a thickness of 35 μm or with a Leica CM1520 cryostat at a thickness of 18 μm. For cryostat sectioning, the brains were briefly frozen in 2-methyl-butane (Sigma-Aldrich, St Louis, MO) chilled with dry ice, and embedded in OCT compound (Tissue-Tek, Torrence, CA). Samples were blocked with phosphate-buffered saline (PBS) containing 5 % normal goat serum (NGS, Vector Laboratories, CA). Primary and secondary antibodies were diluted with the blocking solution. Samples were incubated for 2 h with antibodies.
thresholds were constant for all analysis within an experiment. For cell survival assessment, images were taken from five fields: one from the center of the coverslip, and two vertically and two horizontally 400-3000 μm from the center. To avoid potential artifacts, neuronal densities near the rim of the cover slip, which are typically higher, were not analyzed. The mean number of neurons in the five fields was then quantified, with each coverslip considered a separate observation. For in situ analysis of apoptotic neurons, consecutive coronal cryostat sections of 18-μm thickness were analyzed. Because only small numbers of neurons were c-cas3 + , apoptotic neurons were screened through the hippocampal slices by eye using a 10X lens. Every fourth section was used for immunohistochemistry. The total number of sections from the rostral to caudal ends of the hippocampus equaled~160. For VGluT1 and VGAT immunostaining analysis, coronal sections of 35-μm thickness were used. Z-stacked images from 8 sections (0.3-μm intervals) of CA1 SLM were taken with a 63X lens. The brains from each genotype were stained in parallel. Mean value for each hippocampus, in which five images from five slices were analyzed, was compared. For c-fos immunostaining analysis, Z-stacked images from eight sections (1-μm intervals) of CA1 SP were taken with a 25X lens. Mean value for each hippocampus, in which five images from five slices were analyzed, was compared. All analyses were performed blind.
Stereology
To count the total number of CA1 pyramidal neurons, every 12th coronal section of 40-μm thickness (total seven slices per hippocampus) was immunostained with NeuN. CA1 stratum pyramidale was first outlined using a×4 lens, in which 100× 100-μm grids were randomly placed using Stereo Investigator (MBF Bioscience, Williston, VT). Nonbiased counting was performed within a three-dimensional optical dissector (30× 30 μm) at predetermined positions by the software using a 40X lens. The optical dissector height (thickness) was 15 μm with a 2 μm top guard zone. Mean value of both hippocampi was used as the total number for each subject. Six subjects were analyzed per condition. Parameters of stereological analysis were as follows: mean±SEM number of dissectors counted per hippocampus, 100.3±3.9 for P14 WT; 92.2±3.8 for P14 KO; 86.3±8.4 for P120 WT; 85.2±4.6 for P120 KO; mean±SEM number of neurons counted per hippocampus, 179.3±11.2 for P14 WT; 249.7±7.8 for P14 KO; 193.5 ± 15.3 for P120 WT; 248.3 ± 7.6 for P120 KO; coeffecient error (CE) Gundersen (m=1), 0.15 for P14 and P120 WT; 0.14 for P14 and P120 KO.
Golgi Staining and Analysis of Dendritic Morphology
Golgi staining was performed using FD Rapid GolgiStain Kit (FD NeuroTechnologies). The brains were immersed in solutions A and B for 1 week at room temperature and transferred into solution C for 5 days at 4°C. Coronal brain slices were made with a Leica VT100S vibrating microtome at a thickness of 150 μm. Slices were mounted on gelatin-coated slides (FD NeuroTechnologies). Neurolucida software (MicroBrightField) with a Nikon Eclipse E800 bright-field microscope with a 60X lens was used to trace dendrites. Traces were analyzed with Neuroexplorer software (MicroBrightField). Because the dendritic morphology of CA1 pyramidal neurons differs between dorsal lateral and ventral parts of the hippocampus [33] , only dorsal lateral hippocampus was used for analysis. In V1, layer IV was identified by the presence of stellate neurons. Pyramidal neurons (with long apical dendrite and pyramidal somata) located immediate below layer IV were used for analysis. Three to four animals of each genotype were used.
Spine Density Analysis
Oblique dendrites of GFP-expressing pyramidal neurons from culture and Golgi-stained CA1 pyramidal neurons in situ were analyzed for spine density. We reasoned that the shorter dendrites of MMP-9 KO neurons would introduce bias into a Sholl analysis, and therefore, we focused analysis on oblique dendrites. Oblique dendrites have also been implicated in epilepsy-induced changes in hippocampal excitability induced by epilepsy [34] . Fluorescent images were analyzed using ImageJ. Golgi staining was traced using Neurolucida and analyzed in Neuroexplorer. For fluorescent images, the mean value for each neuron was compared. For Golgi staining, mean value for each hippocampus, in which five neurons were analyzed, was compared.
NEURON Models and Simulations
Simulations were performed in NEURON, version 7.3 [35] . Each cell was represented by a passive, multicompartmental model. The apical and basal dendritic compartments were extracted from experimentally observed morphology, imported from Neurolucida reconstructions into NEURON using the Import 3D module. In some cases, the imported files were manually edited to correct formatting. Ten wild-type and 9 MMP-9 -/-neurons were imported and used in the analysis. Somata were modeled as cylinders with diameter and length equal to 30 μm. Axons were excluded. Passive channels were distributed uniformly across all compartments with the following parameters: membrane resistance (R m )=10 kΩ/cm 2 ; axial resistance (R a )=150 Ω/cm; membrane capacitance (C m )=1 μF/cm 2 . Similar values have been used in previous models of CA1 pyramidal neurons [33, 36] . We computed the input resistance of a model neuron by injecting a hyperpolarizing current pulse at the center of the soma and measuring the resulting change in the steady-state membrane potential at the same location. 
Electrocorticography (ECoG) Recordings
P112-P168 mice were anesthetized with ketamine (120 mg/kg) and xylazine (9 mg/kg). Four silver recording electrodes (impedance 0.2-0.4 kΩ) were placed on dura through small holes drilled through the skull at 1.0 mm caudal to bregma/2.0 mm lateral to the midline, and 3.00 mm lateral to the midline/0.01 mm rostral to lambda, bilaterally. A single ground electrode was implanted 0.50 mm rostral to bregma/ 0.50 mm lateral to the midline. Electrodes were secured to the skull with cyanoacrylate (Loctite, Rocky Hill, CT). After implantation, subjects were monitored until they recovered righting reflexes. Buprenorphine (0.1 mg/kg) was administered for postsurgical analgesia. Recordings began 3 days after implantation surgery. Prior to recording, subjects were habituated to the head restraint apparatus for 10 min, after which baseline ECoGs were recorded from all four dural-electrodes for 30 min (high pass filter 0.5 Hz, low pass filter 300 Hz).
After the initial 30 min, subjects received 10 mg/ml of kainate (i.p.; dissolved in 0.9 % sodium chloride solution) and were immediately returned to the recording apparatus, and resultant ECoG activity was recorded for 120 min.
Absolute power spectrum density (PSD, mV 2 /Hz) of baseline activity was extracted from the fast Fourier transform (FFT) for δ (1-4 Hz), θ (4-8 Hz), α (8-12 Hz), β (12-30 Hz), γ (30-60 Hz). Seizure initiation was identified with a custom MATLAB script with Chronux extensions [37] , after removal of movement artifacts, based on simultaneous occurrence of 3 criteria: an increase in theta power, an increase in gamma power, and an increase in spiking above the mean of the recording time period, each increase of >2 standard deviations above average. A spike was defined as the first derivative of the waveform over 3 ms such that the first derivative of each 3 ms window was between the 50th and 90th percentiles of the cumulative distribution (similar to White et al. [38] ). This analysis eliminated inclusion of small changes in voltage associated with nonseizure activity, as well as large artifacts from movement or electrical noise. An FFT was performed to transform time-domain voltage data to the frequency domain, over the length of the recording with a moving window of 10 s with a 5 s overlap. Seizure termination was identified by a rapid decrease in theta power to <2 standard deviations below the average.
Single Unit Recordings
Electrode implantation for the recording of single units was similar to ECoG except that a 1.2-mm 16-channel platinumiridium electrode shank (15-20 kΩ) constructed in house was implanted 3.00 mm lateral to the midline/0.01 mm rostral to lambda to a depth of 1 mm, to center the electrode shank on layer IV of the visual cortex. Spontaneous single unit activity from layer IV of visual cortex is reported, confirmed by the waveform (largest negative peak) of the simultaneously acquired VEP in response to full field 0.5-s 100 % contrast flash. One day prior to recording, subjects were habituated to the head restraint for 45 min. Spontaneous single unit activity was recorded in 200×1-s trials (300-Hz high pass and 5-kHz low pass). Recorded single units were sorted based on waveform and fixed variable principle component analysis using Open Sorter software (TDT). Spike-rate and inter-spike interval were calculated using a custom program in MATLAB.
Seizure Analysis
Adult mice (P112-P168) were given a single intraperitoneal (i.p.) injection of an intermediate dose (20 mg/kg) of kainate (dissolved in 0.9 % sodium chloride solution) that elicits stage 3 seizure in 40 % of C57B/L6 wild-type mice with no mortality [39] . Subjects were returned to home cage following injection and videotaped for 2 h. The severity of seizure induced by acute kainate challenge was classified according to the Racine scale [40] : stage 0, normal behavior; stage 1, immobility; stage 2, repetitive forelimb clonus and rearing; stage 4, continuous rearing and falling; and stage 5, generalized tonic-chronic seizure. Subjects were perfused and processed for immunohistochemistry for c-fos 2 h after acute kainate delivery.
Statistical Analyses
Statistical significance between two groups was determined with a two-tailed paired Student's t test. Comparisons between multiple groups were made by one-way or repeated measures ANOVA with Tukey-Kramer post hoc tests. Comparisons between two distributions were made with KolmogorovSmirnov tests.
Results
Suppression of Neuronal Death in Neonatal Hippocampus of MMP-9
−/− mice
We first examined the effect of MMP-9 deletion on the natural cell death observed early in postnatal development, as MMP-9-dependent proteolytic cleavage of laminin decreases neuronal survival [15] . Although both neurons and astrocytes can produce MMP-9 [16] , it is not known if both neuronal and astrocytic MMP-9 can regulate neuronal survival. Therefore, hippocampal neurons from MMP-9 −/− mice [31] on FVB/NJ (wild type) background were plated at low density on astrocytes from wild-type or MMP-9 −/− mice, to identify the source of the MMP-9 regulating cell death. As expected, a significant decrease in the number of neurons, identified by labeling for the microtubule-associated protein MAP2, was observed from 5 to 14 days in vitro in all four culture conditions (DIV5-14; Fig. 1a ). However, cell death was significantly attenuated in cultures in which the neurons, but not the astrocytes, were derived from MMP-9 −/− mice.
To ask if a similar rescue from natural cell death was observed in vivo, we used quantitative immunohistochemical labeling for markers of apoptosis in the hippocampus of MMP-9 −/− mice. C-cas3, which reports the cleavage and activation of caspase 3, is a final common step of several converging apoptotic signaling pathways [41] . C-cas3 staining revealed apoptotic neurons, identified by colocalized NeuN labeling, in the hippocampi of wild-type and MMP-9 −/− mice (Fig. 1b) . However, the number of apoptotic neurons in CA1 was significantly reduced in MMP-9 −/− mice at postnatal day 4 (P4), the peak of the period of natural cell death. As neurogenesis in the CA1 region of the rodent hippocampus is completed by birth [42, 43] , suppression of postnatal apoptosis would be expected to increase the total number of surviving hippocampal neurons. Indeed, stereological analysis of total number of neurons in the CA1 stratum pyramidale (SP) region of hippocampus revealed a significant increase in MMP-9 −/− mice compared to the wild type at P14 (743,632±
75,282 for WT, 1,048,689±94,929 for KO, n=6 subjects, p= 0.03, Student's t test). The increase in the number of neurons in MMP9 −/− CA1 was maintained into adulthood (Fig. 1c) . Thus, neuron-derived MMP-9 plays a role in the promotion of natural cell death in early development in vitro and in vivo.
Simplified Dendritic Morphology and Higher Input Resistance in MMP-9 −/− mice Many of the MMP-9 substrates are known to regulate neurite elongation. To ask how ablation of MMP-9 impacted dendritic outgrowth, Golgi staining was used to examine neurite morphology of CA1 pyramidal neurons in MMP-9 −/− mice over development. This approach allowed quantification of growth, length, and complexity of neuronal dendrites. Dendritic outgrowth was modest for both genotypes during the first postnatal week, but increased rapidly during the second postnatal week, coincident with the end of natural cell death period (P8, Fig. 2a , b left). However, dendritic outgrowth was significantly reduced in neurons from MMP-9
−/− mice relative to wild type, resulting in a ≥40 % reduction in total dendritic length by P14 (Fig. 2a, b) . Cultured neurons transfected with GFP-expressing plasmids from MMP-9
−/− mice have significantly shorter dendrites than wild type at DIV21 (Fig. 2b, 74 .14±5.22 % of wild type, n=15, neurons from 5 cultures for each group, p=0.017, Student's t test). Quantification of dendritic branching (Fig. 2a, b middle) and a Sholl analysis of the number of intersections on apical and basal dendrites revealed a decrease in dendritic complexity in neurons from MMP-9 −/− hippocampi (Fig. 2c) . No changes were observed in cell body size (Fig. 2b right) . The changes in length and branching patterns of neuronal dendrites from MMP-9 −/− mice are expected to influence intrinsic neuronal properties such as input resistance. Indeed, simulated steady-state voltage responses predicted significantly higher input resistance for CA1 pyramidal neurons from MMP-9 −/− mice relative to wild type (Fig. 3a, b) . Experimental measurements confirmed significantly higher somatic input resistance in neurons from MMP-9 −/− mice, with no difference in resting membrane potential ( Fig. 3c-f ).
Changes in Synaptic Structure and Function in MMP-9
−/− Mice Changes in dendritic architecture can also impact synaptic density. As the majority of the excitatory synapses in the mammalian cortex occur on dendritic spine heads, we examined the dendrites of GFP-expressing pyramidal neurons from culture, and Golgi-stained CA1 pyramidal neurons in situ to ask how MMP-9 affects dendritic spine density and morphology in early postnatal development. We reasoned that the shorter dendrites of MMP-9 −/− neurons would introduce bias into a Sholl analysis of apical and basolateral dendrites, and therefore, we focused on the dendritic spines of oblique dendrites. Oblique dendrites have also been implicated in epilepsy-induced changes in hippocampal excitability [34] .
Immunostaining for the presynaptic vesicular glutamate transporter 1 (VGluT1) colocalized 100 % with dendritic protrusions, suggesting that dendritic spines and filopodia were opposed to excitatory active zones. We found that spine densities (spines per 10 μm) at 17 days in vitro were similar in the oblique dendrites of CA1 pyramidal neurons from wild-type and MMP-9 −/− mice (Fig. 4a) . Similarly, Golgi staining of neurons in situ revealed no change in spine densities at postnatal day 14 (P14) in oblique dendrites of CA1 in MMP-9 −/− hippocampus (Fig. 4a) .
We used spine head diameters and neck lengths to ask if MMP-9 impacted the morphology of individual dendritic spines. All dendritic protrusions were sorted into three categories: thin spines (spine head diameter <0.6 μm), stubby spines (neck length <0.2 μm), and mushroom spines (spine head diameter >0.6 mm and neck length >0.2 μm). We observed no difference in the proportion of each spine type across genotypes (Fig. 4b) . Similarly, the distributions of spine head diameters and spine neck lengths were similar in MMP-9 −/− and wild type (Fig. 4c, p=0 .155 for head diameter, p= 0.358 for neck length, K-S test). To further examine the density and distribution of excitatory synapses, we quantified puncta immunopositive for the presynaptic glutamate transporter VGluT1 + in CA1 stratum lacunosum-moleculare (SLM) from hippocampal slices. No differences were observed in the number of VGluT1 + puncta in adult wild-type vs MMP-9 −/− mice (Fig. 5a) . However, the fluorescence intensity and area of VGluT1 + puncta in the MMP-9 −/− hippocampus were significantly greater than wild type (Fig. 5a ). To examine the density and distribution of inhibitory synapses, we quantified the puncta immunopositive for the presynaptic GABA transporter VGAT. No differences were observed in the number, the fluorescence intensity or area of VGAT + puncta in MMP-9 −/− mice (Fig. 5b) .
The increase in total neuronal number in the hippocampus of MMP-9 −/− mice might be expected to elicit a homeostatic decrease in the total number of synapses targeting each pyramidal neuron. However, whole cell recordings of CA1 pyramidal neurons in hippocampal slices revealed a significant (89 %) increase in the frequency of miniature excitatory postsynaptic currents (mEPSCs) in adult MMP-9 −/− compared to age-matched wild type (Fig. 6a, b) . mEPSC amplitudes were unchanged (Fig. 6a, c) . We used Golgi staining to ask if the changes in neuronal morphology described in the juvenile brain persist into adulthood. At postnatal day 150, the pyramidal neurons of CA1 region of hippocampus and layer IV-V of primary visual cortex (V1) of MMP-9 −/− mice have ≥35 % shorter dendrites and ≥30 % fewer branches than wild type, with no differences in the size of cell body (Fig. 7a, b) −/− mice; n=4 subjects; p=0.53).
Increased Spontaneous Activity in MMP-9 −/− V1
The increase in neuron number, input resistance, and mEPSC frequency predicts enhanced excitability in the neuronal circuits in the MMP-9 −/− mouse. To test this hypothesis, we performed electrophysiological recordings in primary visual cortex of awake adult mice in vivo, which is highly amenable to chronic recordings in awake subjects. Spontaneous single unit activity was recorded in layer IV of primary visual cortex, with recording site confirmed by the waveform of the simultaneously acquired visually evoked potential (VEP). Single unit recordings revealed a significant enhancement in average spontaneous firing rate and a corresponding reduction in the interspike interval of sequential action potentials in V1 of MMP-9 −/− mice relative to the wild type (Fig. 8a, b) . Electrocorticography recordings from four sites on the cortical surface also mice affects their response to an excitotoxin-induced epileptic discharges, we acutely delivered the excitotoxin kainate (20 mg/kg; i.p.), which is known to rapidly induce seizure activity [44] . A significant increase in the number of neurons expressing the immediate early gene c-fos was observed following kainite delivery in MMP-9 −/− mice relative to the wild type (Fig. 9a, b) . Similarly, a significant increase in the intensity of c-fos immunofluorescence across the entire hippocampus was observed following kainite delivery to MMP-9 −/− mice (Fig. 9a, c) .
We used electrocorticography recordings (ECoG) from four sites on the surface of the dura to monitor the electrophysiological response to acute kainate delivery to MMP-9 −/− and wild-type adults. Seizure initiation was identified by simultaneous detection of three criteria: an increase in theta power (4-8 Hz); an increase in gamma power ; and an increase in spiking (>2 standard deviations above average). A fast Fourier transform (FFT) was performed to transform time-domain voltage data to the frequency domain, over the length of the recording with a moving window of 10 s with a 5-s overlap, to extract the theta and gamma power. ECoG recordings confirmed an enhanced response to acute kainate challenge in MMP-9 −/− mice (Fig. 10 ). Seizures were observed in the ECoG of both genotypes after a single acute injection of kainate (Fig. 10a, b) , with a similar time to the first seizure (mean ± SEM, 2.48 ± 1.04 min for wild 
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Thin (33) Stubby (14) Mushroom (103) and duration of seizure in MMP-9 -/-mice relative to the wild type (Fig. 10d, e) .
Discussion
Early in postnatal development, regulation of neuron number, elaboration of dendrites, and refinement of synaptic connectivity sculpt neuronal circuitry. Here, we demonstrate that deletion of the extracellular proteinase MMP-9 affects each of these processes, resulting in maladapted neuronal circuitry with enhanced excitability. MMP-9 deletion suppresses naturally occurring cell death and decreases dendritic length and complexity. Accordingly, deletion of MMP-9 increases spontaneous neuronal activity in awake MMP-9 −/− mice and enhances the response to acute challenge by the excitotoxin kainate. This demonstrates a novel role for MMP-9-dependent proteolysis: the regulation of several aspects of circuit maturation to constrain excitability throughout life.
Regulation of Neuronal Number by MMP-9
In the developing nervous system, neurons are produced in excess and subsequently eliminated during a period of naturally occurring cell death. MMP-9 expression is highest during the period of cell death (first postnatal week) and declines thereafter [15, 45] . Critical survival signals for hippocampal neurons during early neonatal development include the cell adhesion molecule integrin β1, which is required for sustained activation of the serine/threonine kinase, Akt [7] . MMP-9-dependent cleavage of laminin, the ligand for integrin β1, reduces the survival of hippocampal neurons [15] , while ablation of neuronal MMP-9 significantly enhances hippocampal neuron survival in vivo. Although astrocytes can support neuronal survival [46, 47] , we demonstrate that the loss of neuronal, but not astrocytic MMP-9, spares neurons from cell death in vitro. This implicates neuron-derived MMP-9 in the promotion of natural cell death in early development. 
Regulation of Dendritic Morphology by MMP-9
After the period of natural cell death in postnatal hippocampus, dendritic outgrowth increases rapidly. In the absence of MMP-9, levels of the ECM protein laminin accumulate early in development, which may prematurely stabilize the ECM [15] . The significant reduction in dendritic length and complexity we observe in MMP-9 −/− mice may be the direct result of enhanced stability of ECM, which would increase physical constraints to neuronal process outgrowth. Accordingly, in dissociated cultures, where space between neurons is less restricted, we observe a smaller difference in dendritic outgrowth between wild-type and MMP-9 −/− neurons. Neuronal process outgrowth may also be indirectly impacted by MMP-9-dependent changes in vascularization or glial density. Indeed, angiogenesis requires remodeling of ECM [48] and is delayed in postnatal MMP-9 −/− mice [31] . Similarly, astrogliogenesis may be promoted by enhanced ECM stability in MMP-9 -/-mice [49, 50] . However, we observed no differences in blood vessel volume or astrocyte density in adult MMP-9 −/− mice. Alternatively, the decreased dendritic length and complexity may reflect homeostatic compensation to maintain a constant number of total synapses in the hippocampus. In addition, contact inhibition would be expected to play a larger role in reducing process outgrowth in hippocampus with increased total neuron numbers. Finally, the absence of MMP-9-dependent conversion of pro-BDNF [51] , which inhibits neurite outgrowth [52] , to BDNF, which promotes dendritic growth [53] , is also likely to contribute to reduced dendritic length and complexity.
Regulation of Excitatory Synapse Structure and Function by MMP-9
Chronic application of a high dose of MMP-9 to cultured hippocampal neurons induces a significant increase in the elongation of dendritic spines, and an increase in the complement of thin filopodia-like spines [54, 55] . Importantly, the thin immature spines that are a hallmark of fragile X mental retardation are reversed to normal spine head volumes following genetic deletion of MMP-9 [30] . In contrast, a single acute dose of MMP-9 applied to hippocampal slices induces an increase in spine head volume that occludes the spine head enlargement and LTP induced by theta burst stimulation [18] . The distinct responses to MMP-9 delivery presumably reflect differences in the density and maturation of the ECM in vitro −/− (KO) mice relative to WT (*p=0.047, K-S test). Inset significant increase in average rate of spontaneous activity in MMP-9 −/− (KO) relative to WT (inset; n=9 subjects for WT, 6 subjects for KO; **p=0.02, Student's t test). All single unit recordings were acquired from layer IV of primary visual cortex in awake subjects. c Power-spectrum density (PSD) analysis of spontaneous EcoG recordings for frequencies ranging from delta to gamma (n=28 recordings from 7 subjects for WT and KO. *p<0.05, multivariate analysis of variance (MANOVA) for delta; f=7.014, p= 0.011; theta; f=9.587, p=0.003; and gamma; f=14.003, p=0.000) vs in situ. Similarly, in vivo, LTP-inducing stimuli and appetitive learning paradigms increase MMP-9 gelatinolytic activity at excitatory synapses and/or dendritic spines, and the LTPinduced spine head enlargement is blocked by MMP inhibition [18, 19, 56] . However, in CA1 pyramidal neurons in situ at P14, when neurite maturation is complete, the absence of MMP-9 results in no net change in the proportion of thin vs mushroom spines nor the morphology of individual dendritic spines.
We observed that immunostaining for a presynaptic marker of excitatory synapses (VGluT1) in MMP-9 −/− revealed increased puncta area and fluorescent intensity in CA1 SLM, but no difference in the distribution of a presynaptic marker of inhibitory synapses (VGAT). The increase in the size and intensity of VGluT1 + staining in the absence of a change in the total number of puncta suggests changes in presynaptic terminal size and/or neurotransmitter reuptake capabilities in MMP-9 −/− mice. In addition, an increase in presynaptic terminal size has been associated with an increase in the probability of neurotransmitter release [57, 58] . The observed increase in mEPSC frequency in the absence of a change in marker for excitatory synapses (spine density and VGluT1 immunoreactivity) is consistent with an increase in the probability of neurotransmitter release at individual synapses, although we did not measure this directly. As spine density is normal but dendritic lengths are reduced following MMP-9 deletion, the increase in mEPSC frequency may compensate for the reduction in the number of synapses per neuron. Alternatively, the increase in mEPSC frequency measured in slices may reflect that more dendrites were spared in MMP-9 −/− mice, due to reduced dendritic lengths. MMP-9 can also directly regulate neurotransmitter release through proteolysis of critical effectors [59, 60] . For example, MMP-9-dependent proteolysis of neuroligin 1 (NLG1), a postsynaptic adhesion molecule at glutamatergic synapses, destabilizes presynaptic neurexin-1β and reduces mEPSC frequencies [61] . Nonetheless, an increased mEPSC frequency is also expected in neurons with reduced dendritic arbors, as we see following MMP-9 ablation, in which fewer electrotonically distant events are filtered down to noise.
Regulation of Excitability by MMP-9
−/−
We predicted that the increase in neuron number, input resistance, and mEPSC frequency observed in the MMP-9
−/− mouse would result in enhanced excitability in neuronal circuits. Indeed, neurons in the adult MMP-9 −/− mouse have increased spontaneous activity, revealed as an increase in spontaneous neuronal firing rates and an increase in the power of oscillations at both delta and theta frequencies. Enhanced excitability in MMP-9 −/− cortex was further confirmed by enhanced response to acute challenge with the excitoxin kainate. However, previous work has demonstrated a decrease in sensitivity to PTZ-kindling in MMP-9 −/− mice and an increase in rats overexpressing MMP-9 [24] . Indeed, inhibition of MMP-9 delays the onset and severity of PTZ-induced epilepsy in mice [62] . At first glance, our work appears to be in conflict with these findings. However, we propose that the two methods for seizure induction engage very different mechanisms. For example, kindling-induced seizures emerge slowly after repeated exposures to PTZ (>10), suggesting that incremental strengthening of circuit elements (most notably in amygdala and hippocampus) mediates the effect. As many forms of activity-dependent synaptic strengthening are dependent on MMP-9 activity [18, 21, 22] , the absence of MMP-9 is predicted to reduce PTZ-induced synaptic strengthening and slow the emergence of kindlinginduced status epilepticus. In addition, the contribution of process outgrowth and recurrent synaptogenesis to PTZ-kindling will be reduced in the absence of MMP-9-dependent proteolysis of pro-BDNF [51] . In contrast, status epilepticus is induced rapidly following a single acute challenge with the excitotoxin kainate. Thus, we propose that there are two dissociable consequences of effects of ablation of MMP-9, increased neuronal excitability and decreased synaptic plasticity, which are compounded with age, and reflected in the enhanced response to acute single delivery of kainate, and reduced PTZ-induced kindling, respectively.
Considerable evidence demonstrates that MMP-9 activity is enhanced by seizure [16, 63, 64] . MMP-9 has also been implicated in neuronal death caused by seizure [65] . Interestingly, seizure-induced neuronal death is mediated by the MMP-9-dependent disruption of integrin β1-PI3K/Akt signaling [66] , the same survival pathway that is disrupted by MMP-9 early in neonatal natural cell death, which coincides with high MMP-9 expression levels [7] . 
Implications
The effects of global gene knockout can be masked by the compensatory expression of functionally related genes [67] . However, the enhanced excitability we observed in the MMP-9 −/− mouse indicates that the nervous system does not fully compensate for the loss of MMP-9. This is somewhat surprising, given the importance of the control of circuit excitability both for optimizing information storage and preventing pathological excitation. Although the activity-dependent release of MMP-9 is implicated in morphological plasticity of mature circuits [17] , we propose that events occurring early in postnatal development strongly impact the phenotype of MMP-9 mice, are observed in several developmental neurological disorders including Rett syndrome, fragile X mental retardation, schizophrenia, and autism [68] [69] [70] [71] [72] [73] . Intriguingly, these disorders are also characterized by enhanced neuronal excitability and increased frequency of epilepsy [74] [75] [76] [77] .
